Background and Purpose-Level of consciousness is frequently assessed by command-following ability in the clinical setting. However, it is unclear what brain circuits are needed to follow commands. We sought to determine what networks differentiate command following from noncommand following patients after hemorrhagic stroke. Methods-Structural MRI, resting-state functional MRI, and electroencephalography were performed on 25 awake and unresponsive patients with acute intracerebral and subarachnoid hemorrhage. Structural injury was assessed via volumetric T1-weighted MRI analysis. Functional connectivity differences were analyzed against a template of standard resting-state networks. The default mode network (DMN) and the task-positive network were investigated using seedbased functional connectivity. Networks were interrogated by pairwise coherence of electroencephalograph leads in regions of interest defined by functional MRI. Results-Functional imaging of unresponsive patients identified significant differences in 6 of 16 standard resting-state networks. Significant voxels were found in premotor cortex, dorsal anterior cingulate gyrus, and supplementary motor area. Direct interrogation of the DMN and task-positive network revealed loss of connectivity between the DMN and the orbitofrontal cortex and new connections between the task-positive network and DMN. Coherence between electrodes corresponding to right executive network and visual networks was also decreased in unresponsive patients. 
L evel of consciousness has been formally assessed by command-following ability since the 1970s. 1 However, it is not known what brain structures are needed to follow commands. As a form of meaningful communication, command following is often taken to indicate emergence from coma or chronic disorders of consciousness. 2 Coma portends a poor prognosis in most diseases, including intracerebral hemorrhage (ICH), 3 subarachnoid hemorrhage (SAH), 4 traumatic brain injury, 5 and anoxic brain injury after cardiac arrest. 6 Despite the clinical significance of impaired consciousness, its underlying mechanisms remain poorly understood. It is widely agreed that loss of consciousness involves disruption of corticothalamic circuits and distributed networks, 7, 8 but how these networks contribute to consciousness is not entirely clear.
Moreover, it is not possible to assess consciousness directly using present techniques; assessment of level of consciousness depends on clinical assessments, including the Glasgow Coma Scale 1 and the Coma Recovery Scale-Revised. 9 Although eye movements and vocalization are considered key parts of these assessments, functional communication via command following is the true sine qua non of consciousness. Even in locked-in syndrome, in which patients are fully conscious but unable to move, with the exception of some eye movements, a detailed clinical examination will reveal evidence of command following. 10 However, limited data exist on what the neural substrates of command following are. Schematically, command following should involve afferent input from sense organs (eg, the eye or the ear), and efferent output to motor regions (the eyes, hands, or face). In neuroanatomical terms,
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January 2015 auditory commands are routed from primary auditory cortex, to Wernicke area, and then to frontal centers, including the primary motor cortex, which controls the muscles. Although this view dates to Sherrington, 11 experimental confirmation is ongoing. An functional MRI (fMRI) study comparing command-following and noncommand following patients using an object naming task described differences in left-sided language areas (Broca and Wernicke areas, BA 44/45, BA 22), as well as presupplementary motor area (BA 6/8). 12 A subsequent PET study comparing resting metabolism these groups reproduced differences in midline frontal structures but did not describe differences in language areas. 13 However, no study has compared command-following and noncommand following patients in the acute phase of brain injury, or used a multimodal approach.
In the past few years, resting-state fMRI has emerged as a tool to probe network connectivity alterations in patients unable to cooperate with task-based paradigms. Resting-state networks have been defined as patterns of correlated bloodoxygen level-dependent signal in a task-free state; these correlations of activity are thought to represent underlying functional connectivity. 14 Most of these studies have focused on resting-state network changes in patients with chronic disorders of consciousness (particularly the vegetative state or unresponsive wakefulness syndrome) and have demonstrated alterations in connectivity of the default mode network (DMN) [15] [16] [17] by comparison with control subjects. The DMN is a functionally connected set of brain regions, including the posterior cingulate/precuneus (PCC), medial prefrontal cortex, and lateral parietal lobe that is known to exhibit taskrelated deactivation 18, 19 and may be responsible for phenomena including mind wandering during the task-free state. 20 This finding was replicated in the acute stage of coma after cardiac arrest. 21 What happens to other resting-state networks in acute unresponsiveness has not been fully investigated, but there is a reason to suspect that disruption of specific networks may be variably associated with different mechanisms of impairment in consciousness in the acute setting. The executive control network is a network including the prefrontal cortices and the parietal cortices that is involved in high-level cognitive planning and performance of spatial memory tasks. 22 The connectivity of executive control network is affected by anesthesia 23 but not by light sleep. 24 Notably, in the same 2 studies, visual, auditory, and sensorimotor networks (SMN) were unaffected. However, what happens to other networks besides DMN in acute unresponsiveness has not been fully investigated.
The DMN is known to be anticorrelated with the task-positive network (TPN), including the motion-sensitive part of the occipitotemporal junction (MT+), the intraparietal sulcus, and frontal eye fields. 19 TPN is thought to be engaged when subjects arise from a task-free state and engage in a motor or cognitive behavior. 25, 26 The relationship between the DMN and TPN in unresponsive patients has also not been well characterized.
In this study, we sought to characterize both structural and functional changes that distinguish awake and unresponsive patients acutely after hemorrhagic stroke. We first assessed whether structural injury to the pons, midbrain, and thalamus accounted for unresponsiveness in our population, as these structures are known to be critical for arousal. 27, 28 Second, we used resting-state fMRI to identify from a screen of multiple standard networks those that were disrupted in unresponsive patients. We then directly interrogated the DMN and its relationship to TPN in our study group. Finally, we used continuous electroencephalography to confirm changes seen in resting blood-oxygen level-dependent-derived networks.
Methods
Subjects
Patients with ICH or SAH who met the following criteria were enrolled in a prospective database: (1) age >18, (2) evidence of spontaneous ICH or SAH without evidence of neoplasm (ie, no hemorrhagic metastases), and (3) MRI obtained by the primary team as part of clinical management to aid prognostication or diagnosis of the lesion of interest within 2 weeks of ictus. Exclusion criteria for this study included significant image artifacts or a positive pregnancy test. Continuous electroencephalography was performed as part of management when judged clinically necessary to exclude nonconvulsive seizures as a cause of impaired mental status. 29 Thirty-one patients met inclusion criteria (Table I in 
Clinical Management
In accordance with American Heart Association/American Stroke Association guidelines, management of ICH includes reversal of anticoagulation, strict systolic blood pressure control as indicated, and treatment of hydrocephalus. 30 Similarly, SAH management involves strict blood pressure control before securing of aneurysms by open or endovascular means, reversal of anticoagulation, treatment of hydrocephalus, and therapy for delayed cerebral ischemia, as needed. 31 In all cases in which hydrocephalus was present, it was treated by ventriculostomy. Patients were discharged to multidisciplinary rehabilitation facilities when appropriate.
Ethics Statement
All study protocols were approved by the Columbia University Medical Center Institutional Review Board in accordance with federal guidelines. All patients, or their proxies, gave informed consent in accordance with Institutional Review Board guidelines.
Behavioral Assessment and Outcomes
In all patients, neurological examinations were performed by the neurocritical care attending on the day of the MRI, which included response to verbal and tactile stimuli, eye opening, command following, motor function, and evaluation via the Glasgow Coma Scale. Patients were termed unresponsive if they were unable to follow commands [32] [33] [34] ; all patients who were able to follow commands were termed awake, despite varying levels of consciousness. Command following was assessed in the patient's native language. Command following was assessed by 3 tests: the patient was asked to stick out his or her tongue, then to show 2 fingers, then to wiggle his or her toes. Only clear, unambiguous responses were counted by clinicians. Premorbid hearing loss was excluded as a cause of unresponsiveness by detailed admission screening. Ears were also inspected for gross trauma, which was excluded in all cases. Critical illness myopathy/ neuropathy was excluded as a cause of inability to follow commands by assessing facial muscles, which are relatively spared by these disorders. 35 All neurological examinations were conducted off sedation. Modified Rankin Scale was assigned assessed at discharge. Followup was conducted via telephone surveys at 3 months. and earplugs were used to attenuate scanner noise and maximize patient comfort. Given differing levels of consciousness, no instructions were given to the patients before the scan. T2 fluid-attenuated inversion recovery (25 slices: slice thickness, 5 mm; spacing, 0 mm; frequency, 352 Hz; phase, 224; repetition time, 9500 ms; echo time, 120 ms; and inversion time, 2250) and diffusion weighted imaging (27 slices: slice thickness, 5 mm; spacing, 0 mm; frequency, 128 Hz; phase, 192; Number of shots, 1; repetition time, 7000 ms; and echo time, minimum) sequences were obtained for each patient. A total of 180 multislice T2*-weighted functional MRI volumes were obtained with a gradient echo-planar sequence using axial slice orientation: (27 slices: slice thickness, 5 mm; spacing, 0 mm; planar voxel resolution, 3.5 mm×3.5 mm; phase field of view, 1.0 cm 2 ; frequency, 64 Hz; phase, 64; repetition time, 2000 ms; echo time, 30 ms; and flip angle, 90°). In 2 cases, the characteristics of the scan were slightly modified as follows: (150 acquired volumes, 41 slices: slice thickness, 3 mm; spacing, 0.5 mm; planar voxel resolution, 3.5 mm×3.5 mm; repetition time, 2400 ms; echo time, 30 ms; and flip angle 75°). Clinical considerations prevented the acquisition of significantly longer resting or task-based fMRI sequences in these acutely ill patients. Task-based sequences were deferred given concerns about inability to comply. Uncontrolled elevated intracranial pressure was considered a contraindication to MRI. A volumetric T1 sequence was also acquired in the same session for anatomic analysis, as well as coregistration with functional data. Bicaudate ratio was assessed as a marker of inadequately treated hydrocephalus.
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Image Preprocessing
Standard preprocessing steps were done to make sure that scans could be compared between patients. Using publicly available preprocessing scripts from the 1000 Functional Connectomes Project, routine steps were performed, including skull stripping, tissue segmentation, and nuisance parameter regression, which included global signal, and signal from cerebrospinal fluid and white matter. 37 In addition, spatial smoothing, temporal filtering, slice scan time correction, and three-dimensional motion filtering were performed, as described by Biswal et al. 37 Motion correction was performed with the MCFLIRT program in the Oxford Centre for Functional Magnetic Resonance Imaging of the Brain Software Library (FSL). Motion parameters (eg, residuals from MCFLIRT) were then assessed in three dimensions (x, y, and z planes), as well as rotational directions, and there was no difference in motion between groups (Table II in the online-only Data Supplement). Scans were excluded if there was gross head motion (single-voxel displacement greater than half the voxel width), anatomic defects, or susceptibility artifact that precluded registration to a standard brain. Images were registered to the MNI152 3 mm standard brain using a combination of linear and nonlinear registration. All coordinates reported are in Montreal Neurological Institute space.
Volumetric Quantification of Brain Stem Injury
To quantify injury to critical arousal centers, ICH and SAH lesions were manually demarcated on T1 MRI. Using linear and nonlinear transformations, midbrain, pons, and thalamus, and hemispheres from a standard brain were mapped to patient space. Each lesion's size was quantified, as well as the size of lesions within the midbrain, pons, and thalamus, or the hemispheres ( Figure I in the online-only Data Supplement). Volume of each lesion in the midbrain, pons, and thalamus and volume of the lesion in the hemispheres were then compared between awake and unresponsive patients using a Mann-Whitney U test. Volume quantifications were performed using FSL's fslmaths toolkit.
Network Identification With Independent Components Analysis-Dual Regression
After preprocessing, template matching was performed using templates derived by independent components analysis on a large control data set. 37 From the 20 network templates, 4 were excluded a priori because their primary areas of connectivity were either highly contaminated by artifacts (the cerebellum and brain stem), extensively injured (the basal ganglia; Figure II in the online-only Data Supplement), or localized to the white matter. A dual regression was performed using the 16 remaining templates and a general linear model (GLM) was constructed using the FSL function fsl_glm. Unresponsiveness was used as an explanatory variable, and both patient age and propofol dose (during MRI) were included in the model as nuisance parameters. Networks were compared between the groups to assess for significant differences (P<0.05, voxel-wise Bonferroni correction in addition to Benjamini-Hochberg correction to correct for the false discovery rate of analyzing 16 networks). Networks were defined as patterns of blood-oxygen level-dependent signal fluctuations correlated to predefined templates, reflecting underlying neural activity; network identity was assigned by visual identification and comparison with prior studies. 38, 39 Although a subjective element to network identification could not be eliminated, the neuroanatomical boundaries of each network were predetermined, and identification of significant voxels within these networks was purely quantitative. In summary, each patient's resting-state fMRI scan was regressed against standard networks to identify which networks were different between groups, and differences were statistically evaluated using a GLM.
Resting-State Functional Connectivity Analysis of DMN and Task-Positive Network
After preprocessing as above, seed-based resting-state functional connectivity analysis was carried out on unresponsive and awake patients. As previously reported by Fox et al., 19 12-mm seeds were placed in task-negative regions in the DMN, including the medial prefrontal cortex (−1, −47, −4), the PCC (−5, −49, 40), and the lateral parietal cortex (−45, −67, 36). Seeds were also placed in TPN regions (as defined by Fox et al 19 ), including intraparietal sulcus (−25, −57, −46), MT+ (−45, −69, −2), and frontal eye fields (25, −13, 50) . Whole-brain resting-state functional connectivity was calculated from these seed regions using Pearson correlation and maps were then compared between groups using a GLM that included age and propofol dose as nuisance parameters. Two comparisons were examined with the GLM; brain regions were identified that had greater connectivity to the seed in awake patients than unresponsive patients and regions that had greater connectivity to the seed in unresponsive patients than awake patients. Average maps were also constructed for the unresponsive and awake groups. Identified regions were then thresholded and corrected for multiple comparisons using the FSL program easythresh (cluster P<0.01; Z-score threshold 2.3).
Continuous Electroencephalography Analysis
Out of the 25 patients included in the resting-state fMRI analysis, 15 (8 patients following commands and 7 nonfollowing) had continuous electroencephalography (24 electrodes) recorded on the same day as the fMRI was obtained. For each of these patients, segments of continuous electroencephalography with duration of ≈30 minutes were extracted. Using clinical notes and video recordings, only segments were selected during which the patients were not asleep and did not exhibit seizure activity. Nonconvulsive status epilepticus was excluded in these patients. Electrodes were routinely checked to ensure high-quality signal and impedance <10 kΩ.
To examine the networks defined by fMRI in more detail, we determined functional connectivity measures based on continuous electroencephalography. Recordings were split into nonoverlapping epochs of 2-s duration and offsets were removed, which were designated as trials. For each of the resulting trials, we detected artifacts based on eye movements, muscle activity, as well as amplitude threshold violations, and removed trials containing any of these. Trials were transformed to a time-frequency representation using multitaper method for frequencies from 3 to 30 Hz, using 3 tapers (which allows for a frequency resolution of 1 Hz). Coherence between activities in different channels was determined for 3 different frequency bands, which are known to play extensive roles in communication within the brain, namely delta (3-4 Hz), theta (4-7 Hz), and alpha (9-12 Hz). Theta has special significance in frontal cognitive control. 40 Alphaand delta-band coherence are markers of functional integrity of the by guest on October 23, 2017 http://stroke.ahajournals.org/ Downloaded from Stroke January 2015 occipitoparietal cortex; alpha arises from multiple generators in the occipital cortex, 41 and delta enhances visual performance by entraining rhythmic stimuli. 42 Functional coherence between electrodes was determined using the weighted pairwise phase consistency (WPPC). 43 Networks were defined by regions of interest identified in the fMRI analysis. SMN was defined by channels Cz, C3, C4, T3, and T4 according to the international 10 to 20 electroencephalography system. The right executive control network (RECN) was defined as Fp2, F4, P4, F3, F7, and P3, whereas the cognitive control network was defined as midline channels Fpz, Fz, and Cz. A visual network was defined as channels P7, P3, O1, Pz, O2, P4, and P8 (given the resolution of the 10-20 system, it was not possible to define visual lateral and visual medial networks).
To assess group-wise differences in coherence, a bootstrapping approach was used to determine confidence intervals using 5000 random samples. WPPC values were deemed significantly different if the 97.5% confidence intervals of the patient groups did not overlap. To reduce the number of comparisons, we defined regions of interest for each of the networks defined by fMRI.
Results
Subjects
Thirty-one patients met the inclusion criteria (Table I in 
Volumetric Quantification
No statistically significant difference was seen between unresponsive and awake patients in the size of the lesion within the midbrain, pons, and thalamus (Table III in (Table III in the online-only Data Supplement). No significant difference in hydrocephalus was noted by the bicaudate ratio. Taken together, these data support the hypothesis that structural lesions alone do not account for unresponsiveness in this data set.
Functional Connectivity Analysis: Network Identification With Independent Components Analysis-Dual Regression
From a total of 16 possible networks, independent components analysis-dual regression identified significant voxels within 6 networks impaired in unresponsive patients (Table 1) . Identified networks had motor, cognitive, and visual functions (Figure 1 ). The SMN was observed to include the pre-and postcentral gyri bilaterally, as well as the supplementary motor area (SMA). RECN was observed connecting the dorsolateral prefrontal cortex with lateral parietal areas. The cognitive control network involved the medial frontal lobes, including the dorsal anterior cingulate gyrus. Three visual networks with distinct patterns of connectivity within the occipital lobe were seen, including visual medial, visual lateral, and visual occipital. Voxels significant after correction by false discovery rate are displayed in Figure 1 . Significant nodes were identified within the lingual gyrus (in the visual lateral and visual medial networks), the right occipital fusiform gyrus (in the visual occipital network), the dorsal anterior cingulate cortex (in the cognitive control network), the right superior frontal gyrus (in the RECN), and the SMA (in the SMN). These areas support sensory, cognitive, and motor processes, which are deficient in unresponsive patients. However, no differences in the DMN were identified with this technique.
Functional Connectivity Analysis: Direct Interrogation of the DMN and TPN
To investigate differences in DMN connectivity in the patient groups, we performed seed-based resting-state functional connectivity using a GLM comparison of unresponsive and awake patients. Three seeds were used for DMN in accordance with prior studies: PCC, medial prefrontal cortex, and lateral parietal (Table 2 ). Connectivity between the medial prefrontal cortex seed and the right orbitofrontal cortex was decreased in unresponsive patients relative to awake patients. No areas within the canonical DMN were observed to have decreased connectivity in the unresponsive patients. Surprisingly, a connection with the right anterior prefrontal cortex was seen in unresponsive patients that was not seen in awake patients. Therefore extrinsic, rather than intrinsic, connectivity of the DMN is altered in acute brain injury resulting in unresponsiveness.
We then investigated the TPN with seed-based resting-state functional connectivity. In unresponsive patients, TPN nodes MT+ and intraparietal sulcus had connections with the canonical DMN node PCC that were not seen in awake patients. No task-positive seeds yielded clusters that were stronger in awake patients than unresponsive patients.
Functional Connectivity Analysis: Continuous Electroencephalography Coherence
To confirm brain network alterations in unresponsive patients, networks were also interrogated using pairwise coherence of electroencephalography contacts corresponding to networks identified in the resting-state fMRI analysis. There were no significant differences in coherence for SMN and cognitive control networks. However, for RECN, increased connectivity between electrodes Fp2 and F4 was found in the theta range in patients who were able to follow commands (mean WPPC, 0.97; 97.5% confidence interval, 0.95-0.98; Figure 2 ) compared with those who did not follow (mean WPPC, 0.9 [0.85-0.94]). In the visual network, increased connectivity between the 2 occipital hemispheres was observed in the command-following group for the electrode pairs O2 and P3 as well as P8 and P3. These increases were observed in both the delta and the alpha frequency bands (Figure 3 
Discussion
In the present data set, functional network disruption, rather than structural injury, seems to account for unresponsiveness after hemorrhagic stroke. We identified 6 networks that demonstrated greater intrinsic connectivity in awake than unresponsive patients. Three of these networks were primarily frontal, including the RECN, the cognitive control network, and the SMN. We then directly interrogated the DMN and the TPN, and found a loss of normal correlation in unresponsive patients between the DMN and the orbitofrontal cortex, as well as an increase in correlation between the DMN and the TPN. Of note, there is good evidence for the stability of the DMN assessed with resting-state fMRI within individual subjects, even across different times of day. 44 We, therefore, consider it unlikely that diurnal variation contributed to our findings. Structural injury to thalamic and brain stem structures did not correlate with consciousness in this patient sample. Although injury to midbrain, pons, or thalamus did not seem to account for unresponsiveness in this data set, it may be the case that injury to areas of cortex, subcortical structures, or white matter may lead to the observed group differences. The present data set is not designed to explore the exact mechanisms by which these network changes arise; we only claim that these network differences distinguish the groups, and probably represent key networks required for command following. Moreover, differences in RECN and visual networks were confirmed with electroencephalography. Taken together, these data support a model in which unresponsiveness after hemorrhagic stroke is characterized by injury to frontal networks known to be critical for conscious, voluntary behavior. These data also suggest that unresponsiveness is characterized both by disruption of connectivity to the DMN (including the orbitofrontal cortex), rather than connectivity within the DMN. Furthermore, anticorrelation between the DMN and the TPN is lost and replaced by positive connectivity. The pattern Figure 3 . Alpha-and delta-band coherence in the visual network differentiates awake and unresponsive patients. A, Visual networks were interrogated by calculating coherence (using weighted pairwise phase consistency [WPPC] ) between posterior contacts. B, International 10 to 20 system representation of electrodes with significant differences in WPPC. C, In the visual network, alpha-and delta-band coherence was significantly decreased in unresponsive patients relative to command-following patients. x axis represents WPPC normalized against broadband coherence and y axis represents the probability distribution of WPPC. Each probability distribution represents the result of 5000 iterations. All displayed results are significant at a 97.5% confidence interval.
by guest on October 23, 2017 http://stroke.ahajournals.org/ Downloaded from of disruption in the DMN and the TPN is consistent with the view that the inability of unresponsive patients to engage in observable motor behavior is related to the loss of the normal architecture that humans engage to switch between resting and task-engaged states, which depends on both the suppression of the DMN by the TPN and prefrontal areas. 45 The networks disrupted in unresponsive patients support multiple functions needed for consciousness and that compose the elements of the Glasgow Coma Scale score, including eye opening (visual networks) and command following. Inability to follow commands could result from disconnection of any part of a posited circuit between sensory input (verbal cue: "show me 2 fingers!") and motor output (command execution: the fingers being raised). Our data support the view that inability to follow commands is because of injury to frontal and prefrontal networks involved in executive function, cognitive control, and motor output. Prefrontal function in particular has not been extensively investigated in acute brain injury; the relationship between the dorsal anterior cingulate gyrus and the prefrontal cortex seems to be critical for instantiation and ongoing monitoring of voluntary, goal-directed behavior. 46 Both of these areas are damaged in our data set and this damage likely contributes to behavioral deficits.
The disruption seen in the RECN supports existing theoretical frameworks of consciousness. Executive control networks are thought to be part of a network supporting the ignition phenomenon that is activated when a stimulus is consciously perceived. 8 In our data set, significant voxels in the RECN within superior frontal gyrus were closest to the premotor cortex (Brodmann area 6); 1 previous report suggests that effective connectivity of the premotor cortex is correlated to consciousness. 47 RECN disruption may result in deficits in both the ignition of conscious stimuli and the formulation of an appropriate motor response, in conjunction with other frontal areas. Theta-band coherence may represent an electrophysiological signature of coordination between medial and lateral frontal cortices. 40 Although theta has been most closely associated with cingulate activation in cognitive control-demanding tasks, it has also been associated with lateral prefrontal cortex activation during a cognitive task. 48 Although we did not see a difference in theta in the midline scalp contacts, the disruption noted in theta within right frontal contacts supports the finding that RECN is disrupted in unresponsive patients.
Other frontal areas identified in our study also included the anterior cingulate gyrus and the SMA. The anterior cingulate is part of a circuit known to allocate attention resources in accordance with cognitive demand 49 ; disruption of this area may reflect an inability to attend, a state that may lead to unresponsiveness. Attention deficits may underlie the inability to follow commands in some patients, which agrees with a recent report that 18F-fluorodeoxyglucose uptake in the dorsal anterior cingulate was inversely correlated with mental status in a large cohort of minimally conscious/unresponsive wakefulness syndrome. 50 This finding suggests that frontal structures play a key role in responsiveness after brain injury.
Injury to the SMA is known to produce the syndrome of akinetic mutism characterized by aphasia, hemiparesis, and a variable ability to follow commands. 51 The inability to integrate planned movements into a sequence 52 underlies this injury to the SMA, which may be partially responsible for the inability to follow commands in our series. Interestingly, electroencephalography data gathered during deep brain stimulation of a single minimally conscious patient's central thalamus suggest that activation of midline frontal cortices, including the SMA and anterior cingulate, were correlated with behavioral improvements associated with deep brain stimulation. 53 Similar findings, including increases in frontal metabolism, have been reported with paradoxical arousal from coma following zolpidem administration. 54 Together with our findings, these data suggest that structural and network disruption in the frontal lobes may provide a mechanism for reversible disorders of consciousness.
The other 3 networks differentiating unresponsive and awake patients were visual networks, likely because the eyes of the unresponsive patients are more likely to be closed. Two previous studies have suggested that eye closure alters the amplitude of low-frequency fluctuations in the visual cortex, a marker of activity. 55, 56 We suggest that the observed deficits in connectivity represent either a decrease in the amplitude of native oscillations or disruption in the transfer of information from lower-order to higher-order visual cortices. Visual areas are also known to decrease metabolic activity when the eyes are closed and were part of the original task-negative network described by Raichle et al. 57 Our finding of decreased alpha and delta coherence between posterior contacts reinforces the view that visual networks are disrupted in unresponsive patients after hemorrhagic stroke. A similar finding has been reported in loss of consciousness from propofol, in which anteriorization of the alpha-based posterior-dominant rhythm is an early marker of the descent into unconsciousness. 58 Delta oscillations may also track this alteration. 59 It is likely that other brain network changes accompany the state change from behaving to unresponsive.
A second key finding in this study was the reorganization of the extrinsic connectivity of both the DMN and the TPN. Although we did not find any disruption in the DMN or TPN itself, we found changes that likely reflect disruption in the segregation of these networks in unresponsiveness. DMN deactivation has been found to be correlated with consciousness in patients with unresponsive wakefulness syndrome. 60 We observed a decrease in the connectivity between the DMN and orbitofrontal cortex in acute unresponsiveness; the orbitofrontal cortex is part of the salience network known to be required for DMN deactivation when motor behavior is required. 22, 61 The dorsal anterior cingulate, also observed in our study, additionally plays a role in the salience network. Furthermore, aberrant connectivity was found between the DMN and the TPN. A recent study using transcranial magnetic stimulation to inhibit parts of the RECN and the salience network suggested that this anticorrelation is actually the result of active suppression of the DMN by these task-positive regions 45 ; our finding that the DMN is not disrupted in acute unresponsiveness supports this view. Rather than being the result of disruption of the DMN, impaired consciousness may result from (or result in) the inability of other networks to turn off the default state. The positive correlation seen in unresponsiveness may, therefore, signify that the anatomic substrate of the functional connectivity between PCC and MT/intraparietal sulcus persists, whereas the more flexible functional relationship is disrupted.
Potential limitations of our study include the grouping of ICH and SAH etiologies. Although SAH and ICH are distinct entities, the amount of anatomic distortion caused by both diseases is in fact
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January 2015 similar ( Figure III in the online-only Data Supplement). In both cases, a depressed level of consciousness may be related to ictal injury, as well as increased intracranial pressure; this depressed level of consciousness may be caused by similar functional network alterations. Furthermore, the common findings between the 2 diseases suggest that impaired consciousness is because of the identified network changes rather than other disease processes. The observed network changes probably represent a final common pathway of these changes. In addition, our analyses did not identify the DMN, in contrast to some prior studies 17, 21 ; this fact may be related to the masking of damaged areas required to perform the analysis, but it also may be the case that DMN disruption is not a hallmark of impaired consciousness related to hemorrhagic stroke in the acute setting. The study population presented here is probably distinct from cardiac arrest patients and patients in an unresponsive wakefulness syndrome. 17 Furthermore, it is possible that injury to frontal areas may result in excessive DMN activity, rather than suppressed DMN activity, for reasons discussed above. Finally, it is possible that network changes relevant to unresponsiveness occur within areas masked out of the analysis; we hope that future investigations will allow precise study of the thalamus and midbrain in this population.
The strength of our approach is the use of standard networks, which increases robustness to anatomic distortion and permits comparisons with previous studies. Other successful efforts to analyze resting-state fMRI data in these patients have also involved registration to standard space combined with a graph theory approach. 62 Although dual regression-based approaches have been used to study individual components in data sets from previous studies, 63 our approach allows us to screen many networks in a well-validated data set. 37 We have described biologically plausible changes in many networks using this technique, which we have verified with electrophysiology.
Conclusions
In conclusion, we identified disruption in cognitive, sensory, and motor networks in unresponsive patients after hemorrhagic stroke. These findings support a model in which multiple networks are disrupted in patients that lose consciousness after hemorrhagic stroke. Our report sets the stage for further experiments to test how each network contributes to consciousness.
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Frontal Networks Associated with Command Following after Hemorrhagic Stroke Table III. 
